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Abstract
Recently, the problem of unitarity violation during the preheating stage of Higgs inflation
with a large non-minimal coupling has been much discussed in the literature. We point
out that this problem can be translated into a strong coupling problem for the dimensionless
effective coupling, and that the existence of these problems is highly dependent on the choice of
higher-dimensional operators because they can significantly change the background dynamics
and the canonical normalization of the fluctuations around it. Correspondingly, the typical
energy of particles produced during the first stage of preheating can remain comparable to
or below the cutoff scale of the theory. As an example, we numerically calculate the particle
production in the presence of a specific four-derivative operator of the Higgs field, and confirm
the statement above. Our argument also applies to multi-field inflation with non-minimal
couplings.
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1 Introduction
Higgs inflation [1, 2] with non-minimal gravitational coupling between the Ricci scalar and the
Higgs is one of the simplest and most natural scenarios for cosmological inflation because it can
be realized within the Standard Model (SM).1 Higgs inflation is also connected to interesting
phenomenology such as the production of primordial black holes [6, 7, 8, 9]. In the case of
a quartic potential i.e. V (H) = λH(H
†H)2, the quartic coupling λH and the non-minimal
coupling ξ are constrained by the cosmic microwave background (CMB) normalization as
λH/ξ
2 ∼ 10−9. Thus, as long as λH = O(10−3–10−2), ξ has to have an unnaturally large
value O(103–4). Such a large value of ξ causes a few physical inconsistencies. For example,
the unitarity of the model has been viewed with suspicion [10, 11, 12, 13, 14] because the
naive tree-level cutoff scale of the model is given by Λ := Mpl/ξ, and this is comparable with
or smaller than other typical energy scales during the inflation. If this is the case, we cannot
neglect higher-dimensional contributions such as (H†H)n/Λ2n−4 (n ≥ 3) which is dominant
over the quartic potential in the large-field region. Thus, the predictability or consistency
of the model seems to be (strongly) UV-dependent. However, this problem was solved in
[13] where it is argued that the cutoff scale Λ is a background-dependent quantity and can
become sufficiently large relative to the relevant dynamical scales during the inflation.
However, large ξ (or small cutoff scale) is still problematic when it comes to the preheating
stage after inflation [15, 16, 17, 18, 19], see also [20, 21] for the earlier studies of (p)reheating
after Higgs inflation. As discussed in [15], the background dynamics of the inflaton shows
some spike-like behavior around its zero-crossings and can cause violent particle production of
the Nambu-Goldstone (NG) modes of the inflaton or the longitudinal modes of the weak gauge
boson. In particular, the typical energy scale of these produced particles is O(√λHMpl) Λ,
so the consistency of the theory during particle production is not clear. Therefore, even if it
is consistent during inflation, the preheating dynamics of this conventional case still indicates
the necessity of extending this model to a UV model which preserves unitarity.
In this paper, as a first step toward understanding the dynamics of these unitary models,
we analyze the problem of unitarity during particle production after Higgs inflation by taking
the effects of higher-dimensional operators into account. Among various higher-dimensional
operators involving H, the most important ones are those that include ∂H because these
problems originate in the behavior of ∂H around its (first) zero-crossing. We show that
the issue of the strong coupling does not happen if operators like
(|∂µH|2)n /Λ4(n−1) are
present because they change the definition of the canonical field in terms of H around the
zero-crossings. We study the dynamics of H and particle production after inflation in the
presence of a specific choice of higher-dimensional operator i.e.
(|∂µH|2)2 /Λ4. We confirm
1 It is known that the SM Higgs potential can have a saddle point around the Planck scale when the top
mass is around 171 GeV. However, we cannot use this fact to realize inflation purely within the SM because its
inflationary predictions are inconsistent with cosmological observations [3, 4, 5]. Therefore, we need some extensions
or mechanisms in order to regard the Higgs as an inflaton. Non-minimal coupling is one such possible extension.
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that the strong coupling is absent in this case.
On the other hand, if an operator such as (|H|2)2 (|∂µH|2)2 /Λ8 is added in addition to(|∂µH|2)2 /Λ4, we again face the strong coupling problem in general. Therefore, the fate of
the perturbativity is highly UV-dependent, and the result changes depending on what types
of higher dimensional operators are considered. From the low energy field theory point of
view, there are infinitely many possibilities for the higher dimensional operators, and it is
impossible to fix them.2 See [22] for the related discussion of the difference between prescrip-
tion I and II in Higgs inflation. We claim that, among the infinitely many possibilities, there
exist choices where the strong coupling does not arise, and the analysis of the preheating of
Higgs inflation is self-consistent.
This paper is organized as follows. In Section 2, we briefly review inflation with a non-
minimal coupling. In Section 3, we first show that the unitarity violation problem is translated
into the strong coupling problem of the dimensionless effective couplings. Then, we show that
the unitarity or strong coupling problem during the preheating stage is highly dependent on
the choice of higher-dimensional operators in subsection 3.2. Next, we study particle pro-
duction after inflation in the presence of a specific but important operator i.e. |∂µH|4/Λ4
in subsection 4. As is expected from the resolution of the unitarity problem, the existence
of such a term significantly reduces the typical energy scale of produced particles, and we
will see that this reduction is marginally consistent with the cutoff scale of the theory. The
summary is presented in Section 5. In Appendix A, we briefly review the unitarity issue of
Higgs inflation. The background dynamics in the conventional Higgs inflation is reviewed in
Appendix B. The analytical treatments of particle production are presented in Appendix C
in addition to the calculations of effective masses of various particles. The irregular behavior
observed in the particle production of the NG mode is discussed in Appendix D.
2 Inflation with Non-minimal Coupling
In order to fix our notation, we first briefly review Higgs inflation [1]. See also [2] for the
review. In the following discussion, the Higgs field in the Jordan frame is denoted by H, and
the Hubble parameter in the Einstein frame is represented by H to distinguish it from the
Higgs field.
We start from the following action in the Jordan frame:
S =
∫
d4x
√−gJ (12M2plΩ2RJ − gµνJ DµH (DνH)∗ − VJ(H) + · · ·
)
, (1)
2The asymptotic scale/shift symmetry [13] does not constrain the operators relevant here.
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where
VJ(H) = λH
(|H|2)2 , Ω2 = 1 + 2ξ |H|2
M2pl
. (2)
By performing the following redefinition of the metric field,
gµν = Ω
2gJµν , (3)
we get
RJ = Ω
2
[
RE + 32 log Ω
2 − 3
2
gµν(∂µ log Ω
2)(∂ν log Ω
2)
]
, (4)
which leads to the action in the Einstein frame:
S =
∫
d4x
√−g
(
1
2
M2plR−
1
Ω2
gµνDµH (DνH)
∗ − 3
4
M2pl(∂µ log Ω
2)2 − V (H) + · · ·
)
, (5)
where
V (H) :=
VJ(H)
Ω4
(6)
is the potential in the Einstein frame. For the field value |H|2 M2pl/ξ, the kinetic term for
the radial component of Higgs field is effectively given by the third term (the second term is
neglected). Therefore, the canonically normalized field is
χ :=
√
3
2
Mpl log Ω
2 (for |H|2 M2pl/ξ). (7)
Then, the action is
S =
∫
d4x
√−g
1
2
M2plR−
1
Ω2
gµνDµH (DνH)
∗ − 1
2
(∂µχ)
2 − λH
4
M4pl
ξ2
(
1− e−
√
2
3
χ
Mpl
)2
+ · · ·
 ,
(8)
from which we can see that the height of the potential is O(λHM4pl/ξ2). Correspondingly, the
Hubble scale is
H = 1
Mpl
√
V
3
∼ 1
2
√
λH
3
Mpl
ξ
. (9)
The slow roll parameters are calculated as
 =
M2pl
2
(
V ′
V
)2
' 4
3
exp
(
−2
√
2
3
χ
Mpl
)
, η = M2pl
V
′′
V
' −4
3
exp
(
−
√
2
3
χ
Mpl
)
, (10)
4
where the prime represents the derivative with respect to χ. In addition, we also have a
relation between the e-folding number N and , η:
N =
∫
dtH ' 1
M2pl
∫
dϕ
V
V ′
'
√
3
21/2
⇒  = 3
4N2
, η = − 1
N
. (11)
Note that λH and ξ are not completely independent parameters because they are constrained
by the CMB normalization [23]
As ≡
V
24pi2M4pl
∣∣∣∣
k=k∗
' 2.2× 10−9. (12)
where k∗ ' 0.05Mpc−1 is the pivot scale. By substituting Eq. (11) into Eq. (12), we obtain
λH
ξ2
' 6.3×
(
50
N
)2
× 10−10. (13)
The value of λH is typically O(10−2) for a smaller top quark mass which realizes a stable
electroweak vacuum [24, 25, 26]. In this case, the corresponding value of the non-minimal
coupling is ξ = O(104). If λH is tuned to be small at inflationary energy scales,3 then ξ can
be as small as O(10), which is known as the critical Higgs inflation scenario [31, 32, 33].
Throughout this paper, we consider the conventional case ξ = O(103–4) and leave the
analysis of (p)reheating in critical Higgs inflation for future investigation.
3 Unitarity Issue at the Preheating Stage in Higgs
Inflation
3.1 Strong coupling problem during preheating
Let us consider the dynamics after inflation. As mentioned in the Introduction and Appendix
A, the unitarity of this model during inflation is maintained because the cutoff scale is field-
dependent [10, 11, 12, 13, 14]. On the other hand, it is known that there is still a unitarity
issue during the preheating stage [15, 16, 17, 18, 19]. Here, we discuss this problem from a
different point of view than these references, in the context of the strong coupling of the Higgs
field. This viewpoint makes it easier to understand the role of higher-dimensional operators
in unitarizing the theory in the next subsection.
Our starting point is Eq. (5). If we ignore the gauge field, the action is
S =
∫
d4x
√−g
(
1
2
M2plR−
1
Ω2
|∂µH|2 −
3
Ω4
ξ2
M2pl
(∂µ|H|2)2 − V (H) + · · ·
)
. (14)
3There are several proposals for an underlying mechanism of this tuning [27, 28, 29, 30].
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We would like to consider the zero-crossing of the Higgs field. As we will see, the typical
momentum scale associated with this process is much larger than the Hubble scale, and we
can safely regard the background geometry as flat. Moreover, we can take Ω2 to be 1 because
the Higgs field is close to the origin. This results in the simplified action
S =
∫
d4x
√−g
[
1
2
M2plR− |∂µH|2 −
3ξ2
M2pl
(∂µ|H|2)2 − V (H) + · · ·
]
. (15)
Let us parametrize H as
H =
1√
2
(
φ1 + iφ2
φ3 + iφ4
)
. (16)
By using this parametrization, the third term in Eq. (15) contains the φ2i (∂φj)
2 terms. For
i 6= j, this is understood as the interaction term while, for i = j, this term changes the
canonical normalization of φi field. To discuss whether the system is suffering from a strong
coupling problem, it is convenient to move to the canonically normalized frame of the Higgs
fields.
Indeed, we can move to the canonical frame order-by-order in |H|2, by redefining the
Higgs fields as4
H → H − 2ξ
2
M2pl
|H|2H + 6ξ
4
M4pl
(|H|2)2H + · · · , (17)
which leads to
S =
∫
d4x
√−g
[
1
2
M2plR− |∂µH|2 +
ξ2
M2pl
{
4|∂µH|2|H|2 − (∂µ|H|2)2
}
+
2ξ4
M4pl
{
−4|∂µH|2(|H|2)2 + |H|2
(
∂µ|H|2
)2}− V˜ (H) + · · · ], (18)
where
V˜ (H) := V
(
H − 2ξ
2
M2pl
|H|2H + 6ξ
4
M4pl
(|H|2)2H
)
= λH(|H|2)2 − 8λH ξ
2
M2pl
(|H|2)3 + · · · . (19)
We can see that the expressions in the curly brackets in Eq. (18) do not contain the term φ4i
and φ6i with two derivatives, as expected. On the other hand, other terms cannot be removed
by the field redefinition, and can cause strong couplings as we will show in the following.
4It is possible to do the redefinition exactly, but it is not necessary here.
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Next, suppose that the inflaton component is φ1. Then, the third term in Eq. (18) provides
effective mass terms for φ2,3,4,
Lφ2 =
ξ2
M2pl
{
4|∂µH|2|H|2 − (∂µ|H|2)2
}
= −λHM
2
pl
10
(
φ˙21
0.1λHM4pl/ξ
2
)(
φ22 + φ
2
3 + φ
2
4
)
+ · · · , (20)
where we focused on the region φ1 ∼ 0, φ˙21 ∼ 0.1λHM4pl/ξ2 corresponding to the first zero-
crossing. See Appendix B for details. The fourth term in Eq. (18) induces the following
effective four-field terms,
Lφ4 =
2ξ4
M4pl
{
−4|∂µH|2(|H|2)2 + |H|2
(
∂µ|H|2
)2}
=
2ξ4
M4pl
φ˙21
{
2(|H|2)2 − |H|2φ21
}
+ · · ·
=
λHξ
2
10
(
φ˙21
0.1λHM4pl/ξ
2
)(
φ21 + φ
2
2 + φ
2
3 + φ
2
4
) (
φ22 + φ
2
3 + φ
2
4
)
+ · · ·
=: −1
4
κφ21
(
φ22 + φ
2
3 + φ
2
4
)− 1
4!
ρ
(
φ42 + φ
4
3 + φ
4
4
)
+ · · · , (21)
where
κ = −2λHξ
2
5
(
φ˙21
0.1λHM4pl/ξ
2
)
, ρ = −12λHξ
2
5
(
φ˙21
0.1λHM4pl/ξ
2
)
. (22)
One can see that if λHξ
2  1, the effective φ4 couplings are non-perturbative, and the
controllability of the theory is lost. This coupling is perturbative as long as the condition
λH ξ
2 . 10pi
(
φ˙21
0.1λHM4pl/ξ
2
)−1 (κmax
4pi
)
,
5
3
pi
(
φ˙21
0.1λHM4pl/ξ
2
)−1 (ρmax
4pi
)
(23)
is satisfied. Here, κmax and ρmax are the maximum allowable values of the couplings κ and
ρ, whose exact values are subject to debate. Combined with Eq. (13), we have
ξ . 470
√
N
50
(
φ˙21
0.1λHM4pl/ξ
2
)− 1
4 (κmax
4pi
) 1
4
, 300
√
N
50
(
φ˙21
0.1λHM4pl/ξ
2
)− 1
4 (ρmax
4pi
) 1
4
.
(24)
In terms of λH , the bound is
λH . 1.4× 10−4
(
50
N
)(
φ˙21
0.1λHM4pl/ξ
2
)− 1
2 (κmax
4pi
) 1
2
, 5.7× 10−5
(
50
N
)(
φ˙21
0.1λHM4pl/ξ
2
)− 1
2 (ρmax
4pi
) 1
2
.
(25)
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The bounds Eqs. (24)(25) are also applicable to multi-field inflation with non-minimal
couplings. We can see that the perturbativity condition is not satisfied in the conventional
Higgs inflation scenario [1] while the critical Higgs inflation scenario [31, 32, 33] does not
suffer from this problem. Nevertheless, if one naively continues the calculation of particle
production assuming that the tree level action is correct, one finds very efficient production
of the NG modes or the longitudinal gauge boson [15, 16, 17, 18, 19].
The values obtained in Eq. (24) are roughly consistent with the value ξ2 . 5 × 104 in
[19], where the bound was derived by requiring that the maximum excited wavenumber is
less than the unitarity violation scale Mpl/ξ.
3.2 Effect of Higher Dimensional Operators
Per the discussion in the previous subsection, it is impossible to study the preheating dynamics
from a low-energy point of view. However, in this subsection, we show that for some specific
choices of the higher-dimensional operators, the strong coupling issue does not arise. As an
example, let us consider
c
Λ4J
(|∂µH|2)2 , ΛJ := M2PΩ2 + 12ξ2|H|2
ξMPΩ
∼ MP
ξ
for |H|2  M
2
P
ξ2
(26)
where c is the order one coefficient, and ΛJ is the cutoff scale in Jordan frame estimated in
Ref. [13]. Note that this operator multiplied by
√−g is invariant under the transformation
gµν → Ω−2gµν and does not change in the Einstein frame. When the Higgs crosses zero, this
operator gives the effective kinetic term for the Higgs as
−c ξ
4
2M4P
φ˙21|∂µH|2, (27)
where φ˙21 is almost constant (of order given in Eq. (33)). Hence, for the canonically normalized
field H˜ :=
√
c/2 ξ2 |φ˙1|H/M2P , the effective mass Eq. (20) is around M2pl/ξ2, and the four point
coupling Eq. (18) remains perturbative.
More generally, we may consider the operators
cn
[
1
Λ4J
|∂µH|2
]n
|∂µH|2, dm
[
1
Λ4J
|∂µH|2
]m
(|H|2)2, (28)
where the first operator reduces the effective coupling by changing the kinetic term while the
second one leads to a large coupling. In order to avoid the problem of strong coupling, the
condition 2n ≥ m needs to be realized.5 A similar perturbative condition is required for the
other terms in the SM lagrangian such as the Yukawa and gauge couplings, and the Higgs
mass term as well.
5We assume that the coefficient of the φ˙2n+21 term in the Hamiltonian is positive. For n = 1, this follows from
causality, unitarity, and analyticity arguments in a broad class of the theory [34].
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From the low energy viewpoint, there are infinitely many choices of cn, dm. Computing
these values is a purely UV question. Here we point out that, among infinitely many possi-
bilities from the low energy viewpoint, there exist choices where the self-consistency of the
preheating process of Higgs inflation is maintained.
One may think that an operator such as Eq. (26) is inevitably generated by loop correc-
tions, and that the problem of unitarity violation would disappear thanks to the loop-induced
higher derivative term. However, since the loop correction accompanies many other operators,
we also leave this possibility for future investigation.
4 Particle Production
In this subsection, we discuss particle production with a specific choice of the higher-dimensional
operator i.e. Eq. (26). We first study the background dynamics of the inflaton φ1 in the pres-
ence of Eq. (26). See Appendix B (and Ref. [15]) for a discussion of the dynamics without
higher-dimensional operators. The existence of Eq. (26) weakens the spike-like behavior in
the inflaton dynamics [15]. As a result, the amount of particle production and the typical
energy scale of the produced particles are reduced.
4.1 Background Dynamics with Higher Dimensional operator
In the presence of Eq. (26), the equation of motion of φ1 is
φ¨1
{
1 +
3c
Λ4J
φ˙21
(
dφ1
dχ
)2}
+ 3Hφ˙1
{
1 +
c
Λ4J
φ˙21
(
dφ1
dχ
)2}
+
d2χ
dφ21
dφ1
dχ
φ˙21 +
(
dφ1
dχ
)2 ∂V
∂φ1
= 0,
(29)
where χ is the canonically normalized field of φ1 whose exact definition is given by Eq. (71) in
Appendix B. Around the origin, by neglecting the Hubble friction term and putting dχ/dφ1 ∼
1, d2χ/dφ21 ∼ 3ξ2φ1/M2pl, this equation approximately becomes
φ¨1 + φ¨1
3c
Λ4J
φ˙21 + 3ξ
2 φ1
M2pl
φ˙21 + λHφ
3
1 ∼ 0, (30)
from which we can see that the typical time scale is O(Mpl/ξ) and 6
d2nφ1
dt2n
= O
((
Mpl
ξ
)2n
φ1
)
,
d2n+1φ1
dt2n+1
= O
((
Mpl
ξ
)2n
φ˙1
)
, for 0 ≤ n ∈ Z, φ1  Mpl
ξ
.
(31)
6 The second and third terms in Eq. (30) cancel each other when φ¨ ∼ −(Mpl/ξ)φ1. Higher derivative terms are
determined by taking the derivative.
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Note that the effects of Hubble friction do not change this parametric estimate because H =
O(√λHMpl/ξ). The value of φ˙1 around the origin can be evaluated by energy conservation,
1
2
χ˙2 + V +
c
4Λ4J
φ˙41 ∼
λHM
4
pl
4ξ2
, (32)
from which we obtain
|φ˙1| ∼
λ
1/4
H
ξ3/2c1/4
M2pl ∼
1
(c λHξ2)
1/4
MplH. (33)
From this equation, we see that the spike-like feature is weaker than in the conventional
case i.e. Eq. (75) by a factor of
(
c λHξ
2
)−1/4
. If we consider the higher order cn operators in
Eq. (28) instead of the four derivative operator, the value of |φ˙1| becomes smaller. Specifically,
the first operator in Eq. (28) leads to a φ˙2n+21 /Λ
4n
J term in the Lagrangian. By equating this
to the inflation energy, we have
φ˙1 ∼ (λHξ2)
1
2n+2Λ2J ∼
(
ξ
200
) 2
n+1
(
50
N
) 1
n+1
Λ2J , (34)
where the CMB normalization condition Eq. (13) is used. This is a decreasing function of n
for ξ & 200.
Another important quantity for particle productions is the period for which the maximum
value Eq. (33) is maintained. We denote the period by ∆tsp. The peak momentum of produced
particles is given by the mass scale msp = 1/∆tsp. The time scale ∆tsp is evaluated by using
energy conservation. The energy density is dominated by the 3ξ2φ21(∂φ1)
2/M2pl term just after
inflation. Then, the four-derivative term (26) becomes comparable to the 3ξ2φ21(∂φ1)
2/M2pl
term at φ1 = φ˜ where
φ˜2 ∼ λHM
2
pl
ξ
. (35)
Here, we have used φ˙21 ∼ λHM4pl/ξ3 right after inflation. (see Eq. (74) in Appendix B). The
time scale ∆tsp is estimated as
∆tsp =
φ˜
φ˙
∼ (cλH)1/4
ξ
Mpl
, (36)
which is much longer than the typical time scale in Higgs inflation without the four derivative
operator, ∆t0sp ∼ (
√
λHMpl)
−1. (see Eq. (76) in Appendix B). The spike-like behavior of the
inflaton becomes milder compared with the conventional case. It is expected that, if we add
the higher order cn operator in Eq. (28), the spike-like behavior becomes much milder.
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Figure 1: Upper left: The time evolution of φ1 for c = 0 (orange) and c = 1 (blue).
Upper right: The time evolution of φ˙1 for c = 0 (orange) and c = 1 (blue). Lower: The
same plot as the blue line in the upper right panel.
In Fig. 1, we show our numerical calculations of φ1 (upper left) and φ˙1 (upper right), where
blue and orange lines correspond to c = 1 and 0, respectively. Here, M2χ = λHM
2
pl/(3ξ
2) is
the typical Higgs mass scale after inflation, and we choose λH = 0.1, ξ = 10
4. The lower
panel is a plot of φ˙1 with c = 1 only, so that the reader can understand its behavior. One can
see that the maximum value of |φ˙1| with c = 1 is suppressed by a factor of O(0.1) compared
with that of |φ˙1| with c = 0. Furthermore, the maximum value of |φ˙1| with c = 1 is consistent
with Eq. (33) within an order of magnitude.
The spike-like behavior of φ˙1(t) was first pointed out in [15], and this property plays
an important role in particle production after Higgs inflation because the mass of particles
typically depends on the derivatives of φ1(t) when it is defined in the Jordan frame.
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4.2 Brief Review of Particle Production
Let us consider particle production. Because the dynamics of φ1 is significantly changed, the
amount of produced particles also significantly changes. In particular, as a consequence of
Eq. (36), the typical energy scale of the produced particles is reduced by a factor of O(ξ−1)
compared with the conventional case, i.e. m0sp. In the following discussion, we use the same
notation as [15] as much as possible.
The time evolution of particle number density of a particle species ϕ is described by the
following equations for the Bogoliubov coefficients [15]:
α˙k(t) =
ω˙k(t)
2ωk(t)
e2i
∫ t
0 dsωk(s)βk(t), β˙k(t) =
ω˙k(t)
2ωk(t)
e−2i
∫ t
0 dsωk(s)αk(t), (37)
ωk(t)
2 = k2 +mϕ(t)
2, (38)
with the initial conditions
αk(0) = 1, βk(0) = 0. (39)
Here, k = |k| is the absolute value of the momentum of ϕ and mϕ(t) is its time-dependent
mass determined by φ1(t). The particle density nϕ(t) is given by
nϕ(t) =
∫
d3k
(2pi)3
fϕ(t, k), fϕ(t, k) = |βk(t)|2, (40)
from which we define the energy density ρϕ(t) as
ρϕ(t) =
∫ ∞
0
dkρ˜ϕ(t, k), (41)
where
ρ˜ϕ(t, k) =
k2ωk(t)
2pi2
fϕ(t, k). (42)
In the following, we numerically study particle production in the following two cases:7
• The inflaton is the Higgs field of a global U(1) symmetry. We consider the production
of the massless NG boson.
• The inflaton is the Higgs field of a U(1) gauge symmetry. We consider the production
of the longitudinal mode of the gauge boson.
The second one is close to the Higgs inflation case, and is of primary interest. On the other
hand, the first one is not directly related to Higgs inflation. However, since a statement which
is analogous to the equivalence theorem holds, we will find that the production of the NG
boson and longitudinal gauge boson are similar for the high-momentum region.
7 The study of an additional massless real scalar field is presented in Appendix C.
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4.3 Nambu-Goldstone Mode
Let us consider the production of the NG mode θ(x) of a complex scalar ϕJ(x) = rJ(x)e
iθJ (x)/Mpl/
√
2
where rJ(x) is regarded as an inflaton.
After the Weyl transformation gµν = Ω(rJ)
2gJµν , the action is
S =
∫
d4x
√−g
−1
2
gµν∂µr∂νr −
1
2Ω2
gµν
(
rJ
Mpl
)2
∂µθJ∂νθJ − V (r) +
c
Λ4J
(|∂µϕJ |2)2
 ,
(43)
where r is the canonically normalized field of rJ . From this action, we obtain the effective mass
Mθ of the NG mode by defining the canonically normalized field θ(x). After the computation
described in Appendix C.3, we find
M2θ = −f ′ − f2. f := a
(
H+ r˙J
rJ
+
−Ω˙/Ω + cΩ2r˙J r¨J/Λ4J
1 + Ω2cr˙2J/Λ
4
J
)
, (44)
where a prime stands for the derivative with respect to the conformal time. The effective
mass around the zero crossing m2θ := (Mθ(t)/a(t))
2|r∼0 is
m2θ ∼ ξ2
r˙2J
M2pl
∼

λHM
2
pl for c = 0,
√
λH
c
M2pl
ξ
for c = 1
(45)
where we used Eq.(33) for c = 1.
In Fig. 2, we show our numerical calculation of fθ(k) and ρ˜θ(k) after the first zero-crossing
of φ1 where c = 0 (1) is shown in green (orange). Here, we choose λH = 10
−3, ξ = 103 in order
to satisfy the CMB normalization. The value of the cut off (damping) scale is consistent with
our estimate Eq.(36) to within an order of magnitude. As for the total energy, our numerical
calculations give8
ρθ
ρI
∣∣∣∣∣
c=1
' 1.5× 10−4, for (λH , ξ) = (10−3, 103). (46)
Therefore, we expect that the backreaction effect is negligible at least at the first zero crossing.
If we add the higher order cn operator in Eq. (28) instead of the four derivative operator, we
expect that the energy density of the created particle becomes smaller.
8Note that ρI ' 0.1λHM4pl/(4ξ2) around the first zero crossing by taking into account the effects of the cosmic
expansion.
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Figure 2: Left: The plots of the occupation number of NG mode for c = 0 (green) and
c = 1 (orange). Right: The plots of the energy density of NG mode for c = 0 (green)
and c = 1 (orange). We have chosen λH = 10
−3, ξ = 103 in order to satisfy the CMB
normalization.
Although our numerical calculation of fθ(k) does not show a smooth behavior in the large
momentum region for c = 1, we here present our fitting results:
fθ(k) ∝
exp
(
−k2/(0.023Mpl)2
)
for c = 0 (green line)
exp
(
−k2/(0.0030Mpl)2
)
for c = 1 (orange line)
. (47)
These behaviors are consistent with the analytical result f(k) ∝ exp(−k2/m2sp) when the spike
function sp(x) is given by a gaussian function: sp(x) = e−(mspt)2 [15]. See also Appendix D
for a detailed discussion of the irregular behavior of the occupation number.
4.4 U(1) Gauge Boson
Now let us consider the Abelian Higgs model:
S =
∫
d4x
√−gJ (−14gµαJ gνβJ FµνFαβ − gµνJ (DµφJ)†(DνφJ)− VJ(|φJ |) + cΛ4J
[
gµνJ (DµφJ)
†(DνφJ)
]2)
.
(48)
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By moving to the Einstein frame and focusing on the kinetic part of the gauge boson, we
have
SA :=
∫
d4x
√−gE (−14gµαE gνβE FµνFαβ − g22 r2J
(
1
Ω2
+
cr˙2J
Λ4J
)
gµνE AµAν
)
=
∫
d4xa(t)3
 1
2a(t)2
(A˙i − ∂iA0)2 −
1
4a4
3∑
i,j=1
(∂iAj − ∂jAi)2 −
g2
2
r2J
(
1
Ω2
+
cr˙2J
Λ4J
)
(−A20 + a(t)−2A2)

=
∫
dηd3x
(
1
2
(A
′
i − ∂iAη)2 −
1
2
|∇ ×A|2 − g
2a(t)2
2
r2J
(
1
Ω2
+
cr˙2J
Λ4J
)
(−A2η +A2)
)
=
1
2
∫
dη
∫
d3k
(2pi)3
(
(k2 +m2A)|A˜η|2 − ik · A˜′A˜η + (h.c.) + A˜
′2 − |k× A˜|2 −m2A|A˜|2
)
=
1
2
∫
dη
∫
d3k
(2pi)3
(k2 +m2A)
∣∣∣∣∣A˜η − ik · A˜′k2 +m2A
∣∣∣∣∣
2
− |k · A˜
′|2
k2 +m2A
+ |A˜′|2 − |k× A˜|2 −m2A(|A˜|2)
 ,
(49)
where η is the conformal time, a prime stands for η-derivative, the unitary gauge is taken,
(A˜η, A˜) represents the Fourier mode, rJ is the radial component of φJ , g is a U(1) coupling,
and
mA :=
ga(t)rJ(t)
Ω
√
1 +
cΩ2r˙2J
Λ4J
. (50)
After eliminating A˜η, we have
=
1
2
∫
dη
∫
d3k
(2pi)3
(
|A˜′|2 − |k · A˜
′|2
k2 +m2A
− |k× A˜|2 −m2A|A˜|2
)
. (51)
Then, by decomposing A˜ into the transverse and longitudinal modes as
A˜ ≡ A˜T +
k
|k|A˜L, A˜T · k = 0, (52)
we obtain
SA =
1
2
∫
dη
∫
d3k
(2pi)3
(
|A˜′T |2 + |A˜
′
L|2 −
k2|A˜′L|2
k2 +m2A
− |k× A˜T |2 −m2A(|A˜T |2 + |A˜L|2)
)
=
1
2
∫
dη
∫
d3k
(2pi)3
(
|A˜′T |2 − (k2 +m2A)|A˜T |2 +
m2A|A˜
′
L|2
k2 +m2A
−m2A|A˜L|2
)
, (53)
from which we can see that the transverse component AT is already canonically normalized
and its mass is given by mA. Thus, it does not show any spike-like behavior and its particle
production is similar to that of the broad resonance in the standard scenario [20, 21].
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On the other hand, the longitudinal component AL is not canonically normalized, so we
have to introduce a new field by
A˜L ≡
mA√
k2 +m2A
A˜L. (54)
Then, the action of AL becomes
1
2
∫
dη
∫
d3k
(2pi)3
∣∣∣∣∣A˜′L − m
′
A
mA
k2
k2 +m2A
A˜L
∣∣∣∣∣
2
− (k2 +m2A)|A˜L|2

=
1
2
∫
dη
∫
d3k
(2pi)3
∣∣∣A˜′L∣∣∣2 −
k2 +m2A − ddη
(
m
′
A
mA
k2
k2 +m2A
)
−
(
m
′
A
mA
k2
k2 +m2A
)2 |A˜L|2

(55)
and one can easily show that the effective mass obtained from this action coincides with that
of the NG boson Eq.(44) for k  mA. (In particular, note that m′A/mA corresponds to f
defined in Eq. (44).) As long as we focus on the main production mode k ∼ msp, the mass
difference is characterized by a small parameter
ε : =
(
1− k
2
k2 +m2A
) ∣∣∣∣
k=msp
(56)
∼ 10−3 × c1/2
( g
0.1
)2( λH
10−3
)2
for rJ . φ˜ = (λH/ξ)1/2Mpl, (57)
where we have used Eqs. (13)(35). Thus, we expect that the qualitative behavior of particle
production is similar between the NG boson and the longitudinal gauge boson for k & mA
except for the small corrections characterized by ε. In this paper, we confirm the equivalence
by numerical calculations when ε is small.
In Fig. 2, we show our numerical calculation of fAL
(k) and ρ˜AL
(k) after the first zero-
crossing of φ1 where c = 0 (1) is shown in green (orange). Here, we choose λH = 10
−3, ξ =
103, g = 0.1. The productions of small momentum modes (k  msp) are much suppressed
compared to the NG boson case. On the other hand, the production behavior around k ∼ msp
is quite similar to that of the NG boson. We have
ρAL
ρI
∣∣∣∣∣
c=1
' 1.3× 10−4, for (λH , ξ) = (10−3, 103) (58)
as a total energy, and
fAL
(k) ∝
exp
(
−k2/(0.023Mpl)2
)
for c = 0 (green line)
exp
(
−k2/(0.0023Mpl)2
)
for c = 1 (orange line)
, (59)
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Figure 3: Left: The plots of the occupation number of the longitudinal mode of the
gauge boson for c = 0 (green) and c = 1 (orange). Right: The plots of the energy
density of the longitudinal mode for c = 0 (green) and c = 1 (orange). We have chosen
λH = 10
−3, ξ = 103, g = 0.1.
as fitting functions at large momentum region. These results are almost the same as Eqs.
(46)(47), and our numerical calculations support the equivalence of particle production be-
tween the NG boson and longitudinal gauge boson.
5 Summary
We have argued that the physics of Higgs inflation during the era of preheating is highly
sensitive to the presence of higher-dimensional operators, and is therefore UV-dependent. In
particular, we have shown that the operator |∂µH|4 can dramatically alter the behavior of the
Higgs dynamics during preheating and suppress the violent spike-like behavior that otherwise
leads to high-energy particle production. This suppression maintains the consistency of the
effective theory and avoids the unitarity problems associated with Higgs inflation.
As discussed above, there are many other higher-dimensional operators that can affect
preheating. Further research is needed to determine which conditions and UV models allow
unitarity to be preserved during Higgs inflation.
Higgs inflation is a promising avenue for obtaining inflationary physics within the Standard
Model. The UV-sensitivity of the unitarity problem allows us to constrain possible UV
completions of this model, offering a valuable window into even higher-energy physics.
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Appendix A Unitarity Issue in Higgs Inflation
In the conventional scenario of inflation with large non-minimal coupling ξ  1, such an infla-
tion model seems to be inconsistent because the naive tree-level cutoff scale Λ = Mpl/ξ is com-
parable to or smaller than typical energy scales during inflation, e.g. H ∼ Λ, χ ∼Mpl. How-
ever, in [13], it was argued that the cutoff scale Λ is actually a background-dependent quantity
and remains sufficiently large compared with these relevant dynamical scales throughout the
whole history of the universe. Here, we denote the Higgs in the Jordan frame as ϕ and choose
the unitary gauge for simplicity.
In the Jordan frame, by expanding the Higgs field and the metric around their backgrounds
as ϕ = ϕ + δϕ, gµν = gµν + hµν and redefining the canonically normalized fields (δϕˆ, hˆµν),
we obtain various higher-dimensional operators. Among them, the leading one is the cubic
Higgs-graviton interaction
ξ
√
M2pl + ξϕ
2
M2pl + (ξ + 6ξ
2)ϕ2
δϕˆ22hˆ :=
1
ΛJ(ϕ)
δϕˆ22hˆ (60)
where hˆ = gµν hˆµν and ΛJ(ϕ) is the cutoff scale in the Jordan frame. This behaves as
• For ϕMpl/ξ,
ΛJ(ϕ) '
Mpl
ξ
= Λ. (61)
• For Mpl/ξ  ϕMpl/
√
ξ,
Λ . ΛJ(ϕ) '
6ξϕ2J
Mpl
 6Mpl. (62)
• For Mpl/
√
ξ  ϕ,
Mpl . ΛJ(ϕ) ' 6ξϕ. (63)
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Thus, because Higgs inflation occurs in the third region, ΛJ(ϕ) is larger than the other
dynamical scales H, χ and consistent.
In the Einstein frame, the higher-dimensional operators only appear through the Higgs
potential
V (χ) =
λHϕ(χ)
4
4Ω(ϕ(χ))4
, (64)
where ϕ(χ) is a solution of
dχ
dϕ
=
1
1 + ξϕ2/M2pl
√
1 + ξ(1 + 6ξ)
ϕ2
M2pl
. (65)
Then, we can repeat the same argument by expanding χ as χ = χ+δχ and reading the cutoff
scales from the expansion
V (χ+ δχ) = V (χ) +
∑
n=1
1
n!Λn−4n
δχn, (66)
where
Λn :=
dnV (χ)
dχn
∣∣∣∣− 1n−4
χ=χ
. (67)
The results are
• For χMpl/ξ,
Λn ∼
Mpl
ξ
λ
− 1
n−4
H . (68)
• For Mpl/ξ  χMpl,
Λn ∼
ξϕ2
Mpl
(
ξ6ϕ6
λHM
6
pl
) 1
n−4
, (69)
• For Mpl/
√
ξ  χ,
Λn ∼Mpl. (70)
These are consistent with Eqs. (61)(62)(63). See the paper [13] for a treatment including the
quantum loop corrections.
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Appendix B Inflaton Dynamics in Conventional Higgs
Inflation
Here we discuss the background dynamics of the Higgs field after Higgs inflation in the
conventional case. As the inflaton component, we choose φ1 in Eq. (16). The canonically
normalized real inflaton field χ is given by solving
dχ
dφ1
=
1
1 + ξφ21/M
2
pl
√
1 + ξ(1 + 6ξ)
φ21
M2pl
. (71)
Then, its equation of motion is given by
χ¨+ 3Hχ˙ = −∂V
∂χ
' −M2χχ, χ(0) ∼Mpl, χ˙(0) ∼ 0 (72)
where M2χ = λHM
2
pl/(3ξ
2) ∼ H. If we neglect the friction term, the solution of this equation
is just an oscillating solution χ(t) ∼Mpl sin(Mχt). Therefore, there is no spike-like behavior
for χ(t). On the other hand, the background dynamics of φ1 have impulsive behavior when
φ1 passes the origin because of the change of the dominant kinetic term of φ1 in Eq. (5). In
fact, when φ1  Mpl/(
√
6 ξ), the term containing ∂ log Ω(φ1) dominates, so the Lagrangian
effectively becomes
Lχ ' 3ξ2
(
φ1
Mpl
)2
(∂φ1)
2 − λH
4
φ41 = 2λH
(
φ1
Mχ
)2(1
2
(∂φ1)
2 − 1
2
(
Mχ
2
)2
φ21
)
, (73)
from which we can see that
|φ˙1| ∼
Mpl√
ξ
Mχ
2
(74)
at φ1 'Mp/
√
ξ. After φ1 drops below Mpl/(
√
6ξ), the usual kinetic term starts to dominate.
Therefore, from energy conservation, we have
1
2
φ˙21 ' VI =
λM4pl
4ξ2
⇒ φ˙1 '
√
3
2
MplMχ, (75)
which is larger than Eq. (74) by a factor of ξ1/2. Thus, φ˙1(t) indicates spike-like behavior
around the origin. The corresponding time scale ∆t0sp := 1/m
0
sp is given by
∆t0sp =
1
m0sp
=
Mpl/(
√
6ξ)
φ˙1
∼ 1√
3λHMpl
, (76)
which is quite small compared with the naive cutoff time scale (Mpl/ξ)
−1. In Fig. 4, we show
our numerical calculations where blue (orange) lines correspond to φ1 (χ) and x ≡ Mχt/pi.
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Figure 4: Left: Time evolution of φ1 (blue) and χ (orange). Right: Corresponding time
evolution of φ˙1 (blue) and χ˙ (orange). We can see the spike-like behavior of φ˙1 around
the first zero-crossing.
In the left (right) panel, we show φ1 (φ˙1). One can in fact see that φ˙1 shows a spike-like
behavior around the first zero crossing and its peak value is consistent with Eq.(75). This
behavior of φ˙1(t) was first pointed out in [15], and this property plays an important role in
particle production after inflation when the mass of the particles depends on the derivatives
of φ1.
For completeness, we present the equation of motion of φ1. This can be obtained by
rewriting Eq. (72) using Eq. (71);
φ¨1 + 3Hφ˙1 +
d2χ
dφ21
dφ1
dχ
φ˙21 +
(
dφ1
dχ
)2 ∂V
∂φ1
= 0, (77)
or
φ¨1 + 3Hφ˙1
φ1
=
ξ
M2pl
(
2
1 + ξφ21/M
2
pl
− 1 + 6ξ
1 + ξ (1 + 6ξ)φ21/M
2
pl
)
φ˙21 − 2
(
dφ1
dχ
)2 ∂VE
∂φ21
, (78)
which is often used when we simplify the expression for a particle mass which depends on φ¨1.
(See Eqs. (93)(94) for example.)
From the above equation of motion and Eq. (75), one can see
d2nφ1
dt2n
∼
(√
λHMpl
)2n
φ1,
d2n+1φ1
dt2n+1
∼
(√
λHMpl
)2n+1 Mpl
ξ
, for 0 ≤ n ∈ Z, (79)
for the first zero-crossing. Here we have neglected the Hubble friction term.
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Appendix C Analytical Treatment of Particle Pro-
duction
Here, according to [15], we provide analytic formulae based on approximations we introduce
below. As was already pointed out in [15], those analytical treatments are only qualitatively
valid for the production of an additional massless real scalar field. In short, we need to rely
on numerical calculation to obtain a reliable spectrum. Nevertheless, the analytic formulae
may be useful to provide intuition about the shape of the energy spectrum.
Appendix C.1 Particle production by spike-like external force
As we discussed in subsection 4.1 or Appendix B, the mass of produced particle mϕ(t) can
have spike-like behavior if it depends on the time derivatives of φ1(t). Therefore, let us assume
that mϕ(t) has the following functional form
mϕ(t) = mϕ × sp(mspt), (80)
where mϕ is an overall normalization, msp is the spike scale discussed in the previous subsec-
tion and sp(x) is a general function which has a peak at x = 0, a maximum value of unity, and
a width of O(1). Moreover, we require that it approaches zero for x → ±∞. For example,
in [15], a trigonometric function sp(x) = cos2(x) (for |x| ≤ pi/2 and zero otherwise), and a
gaussian function sp(x) = e−x2 were chosen to obtain analytical results. Then, it was shown
that the occupation number fϕ(t, k) and energy spectrum ρ˜ϕ(k) after the first zero-crossing
of φ1(t) qualitatively behave as
fϕ(k) ∼

m4ϕ
m2spk
2 for k  msp
Fϕ(k) for k  msp
, ρ˜ϕ(k) ∼

m4ϕ
2pi2m2sp
ωk for k  msp
k2ωk
2pi2
× Fϕ(k) for k  msp
. (81)
where Fϕ(k) is a rapidly falling function of k which is faster than k
−4. Thus, the energy
density of ϕ is dominated by the contribution around k ∼ msp, and is evaluated as
ρϕ ∼
∫ msp
0
dkρ˜ϕ(k) =
m4ϕ
4pi2
, (82)
where we have simply put ωk = k.
Appendix C.2 Massless Real Scalar
As a warmup, let us consider the production of a massless real scalar field;
S =
∫
d4x
√−gJ (−12gµνJ ∂µSJ∂νSJ
)
. (83)
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By performing the Weyl transformation gµν = Ω
2gJµν and assuming the Friedmann metric
for gµν , the action Eq. (83) becomes
S =
∫
d4x
(
a(t)3
2Ω2
S˙2J −
a(t)
2Ω2
(∂iSJ)
2
)
. (84)
Then, defining conformal time as
η =
∫ t ds
a(s)
⇔ dη = dt
a(t)
, (85)
we have
S =
∫
dηd3x
a(t)2
Ω2
[
1
2
S
′
J
2 − 1
2
(∂iSJ)
2
]
, (86)
where a prime represents the derivative with respect to η. The canonically normalized field
S is defined by
S ≡ a
Ω
SJ , (87)
from which we can write the η derivative of the field as
S
′
=
a′
Ω
SJ −
aΩ′
Ω3
SJ +
a
Ω
S
′
J ⇔
a
Ω
S
′
J = S
′ −HS + Ω
′
Ω
S (88)
where
H := aH = a
′
a
. (89)
Thus, the action becomes
SS =
∫
dηd3x
[
1
2
(
S′ −HS + Ω
′
Ω
S
)2
− 1
2
(∂iS)
2
]
, (90)
from which we can write the EOM of S as
2ηS +M
2
SS = 0 (91)
where
2η ≡
∂2
∂η2
−∇2, MS(t)2 ≡
Ω′′
Ω
− 2
(
Ω′
Ω
)2
+ 2H
Ω′
Ω
−H′ −H2. (92)
For numerical calculations, it is also convenient to rewrite this mass term to use the original
time derivative instead of η:
M2S = a
2
 Ω¨
Ω
− 2
(
Ω˙
Ω
)2
+ 3H Ω˙
Ω
− H˙ − 2H2
 := a2 ×m2S . (93)
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By using the equation of motion of φ1, i.e. Eq.(78), this can be written as
m2S = −
2V
3M2pl
+
(ξ + 16)
φ˙21
M2pl
− Ω2ξ φ1
M2pl
∂V
∂φ1
+ c
φ˙31
M2plΛ
4
J
[
6ξHφ1Ω2 + φ˙12
(
1 + 6ξ + ξ(1− 6ξ) φ21
M2pl
)]
1 + ξ(1 + 6ξ)
φ21
M2pl
+ 3cΩ2
φ˙21
Λ4J
,
(94)
which in particular becomes
m2S |c=0 = −
2V
3M2pl
+
(ξ + 16)
φ˙21
M2pl
− Ω2ξ φ1
M2pl
∂V
∂φ1
1 + ξ(1 + 6ξ)
φ21
M2pl
(95)
in the conventional case. At the end of inflation, the above mass term is O(−M2χ) because
−2V/(3M2pl) dominates. On the other hand, around the origin φ1 ∼ 0, this becomes
m2S ∼
ξ
M2pl
φ˙1
2 ∼

3ξH2/2 for c = 0
H2/(cλH)1/2 for c = 1
, (96)
which corresponds to m2ϕ in the general expression Eq. (80). Therefore, MS(t) also has a
spike-like behavior during the small interval ∆tsp as well as φ˙1. See the orange line in Fig. 5
where we plot MS(t)
2 around the first zero-crossing. Note that because we have neglected
the effect of expansion in the qualitative estimate above, the actual value of M2S at the first
zero-crossing is slightly smaller than Eq. (96) with c = 0. On the other hand, the blue contour
corresponds to c = 1 and we in fact see that the maximum value of m2S is O(H2).
By substituting Eq. (96) into Eqs. (81)(82), the occupation number fS(k), the energy
spectrum ρ˜S(k) and the total energy density ρS are evaluated as
fS(k) ∼
(
λH
c
)1/2
f0S(k) for k  msp =
m0sp
(cλ3H)
1/4ξ
, (97)
ρ˜S(k) ∼
(
λH
c
)1/2
ρ˜0S(k) for k  msp (98)
ρS ∼
1
cλHξ2
ρ0S , (99)
where f0S(k) (ρ˜
0
S(k)) represents the occupation number (energy spectrum) without Eq. (26).
We observe that the energy density is greatly reduced because of the change of the momentum
cutoff scale msp. In the present case, the ratio between the energy density of S and that of
the inflaton i.e. ρI = 0.1λHM
4
pl/(4ξ
2) is given by
ρS
ρI
∼ 10
pi2c ξ2
(100)
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Figure 5: The time dependent mass MS(t)
2 of an additional real scalar S where the blue
(orange) line corresponds to c = 1 (0). The dashed green line represents Ms = H so that
readers can compare it with the maximum value of MS(t) for c = 1.
which is quite small in the case of conventional Higgs inflation i.e. ξ & 103. Here the factor
0.1 in ρI is the reduction factor due to the cosmic expansion.
In Fig. 6, we show our numerical calculations where ρ˜S is normalized by M
3
pl and (λH , ξ)
is chosen to be (10−3, 103). Here, green (orange) plots correspond to c = 0 (1), and the
analytical results Eqs. (97)(98) are also shown by blue lines. Additionally, a parametric
estimate of the spike scale, Eq.(36), is represented by vertical black lines. For k . msp,
k-dependence of fS(k) and ρ˜S(k) coincides with Eq.(81), while the overall prefactor is one
or two orders of magnitude larger than Eq. (81). The occupation number and the energy
spectrum start to fall slightly before msp given by Eq. (36). The total energy is computed as
ρS
ρI
∣∣∣∣
c=1
' 6.7× 10−9, for (λH , ξ) = (10−3, 103), (101)
which is about two orders of magnitude smaller than Eq.(100). This is because Eq. (81)
overestimates the energy spectrum. See also footnote 14 of [15] for the mismatch between
the analytical and numerical estimates.9
9 In the c = 0 case, we have ρS/ρI ' 3.3× 10−8 which is consistent with the numerical result of [15].
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Figure 6: Left: Plots of the occupation number fS(k) for c = 0 (green) and c = 1 (orange)
as functions of the momentum k/Mpl. Right: Plots of the energy spectrum ρ˜S for c = 0
(green) and c = 1 (orange) after the first zero-crossing as functions of the momentum
k/Mpl. We choose λH = 10
−3, ξ = 103. The spike scale Eq.(36) is shown by the black
vertical line. For comparison, we plot the analytical estimates Eqs.(97)(98) with blue
lines.
In the large momentum region, our numerical results are fitted by
fS(k) ∝
exp
(
−k2/(0.012Mpl)2
)
for c = 0 (green line)
exp
(
−k2/(0.0014Mpl)2
)
for c = 1 (orange line)
. (102)
These behaviors are consistent with the analytical result f(k) ∝ exp(−k2/m2sp) when the
spike function sp(x) is given by a gaussian: sp(x) = e−(mspt)2 [15].
Appendix C.3 NG Mode
Here, we present basic calculations for the NG mode of a complex inflaton Eq. (86) including
the higher-dimensional operator Eq. (26). In this case, the mass of the NG mode gets direct
contributions from the higher-dimensional operator because its Jordan-frame Lagrangian is
changed. (Compare Eq. (86) and (103).) As a result, as is shown below, the resulting
functional form for the mass is quite complicated compared with that of the real scalar case
i.e. Eq. (94).
Assuming the Friedmann metric, the kinetic term of θJ becomes
1
2
∫
dηd3x
(
arJ
M2pl
)2(
1
Ω2
+
cr˙2J
Λ4J
)(
θ
′
J
2 − (∇θJ)2
)
, (103)
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from which we can define the canonically normalized field by
θ ≡ arJ
Mpl
(
1
Ω2
+
cr˙2J
Λ4J
)1/2
θJ . (104)
Then, the η derivative of θ is
θ′ =
r′J
rJ
θ +
a′
a
θ +
−Ω′/Ω + caΩ2r˙J r¨J/Λ4J
1 + Ω2cr˙2J/Λ
4
J
θ +
arJ
Mpl
(
1
Ω2
+
cr˙2J
Λ4J
)1/2
θ
′
J
∴ arJ
Mpl
(
1
Ω2
+
cr˙2J
Λ4J
)1/2
θ
′
J = θ
′ − fθ, (105)
where
f := H+
r
′
J
rJ
+
−Ω′/Ω + caΩ2r˙J r¨J/Λ4J
1 + Ω2cr˙2J/Λ
4
J
= a
(
H+ r˙J
rJ
+
−Ω˙/Ω + cΩ2r˙J r¨J/Λ4J
1 + Ω2cr˙2J/Λ
4
J
)
:= af˜ .
(106)
Thus, the action Eq. (103) becomes
1
2
∫
dηd3x
[
(θ′ − fθ)2 − (∇θ)2] , (107)
and the equation of motion of θ is
(2+M2θ )θ = 0, (108)
where
M2θ = −f ′ − f2 = −a2( ˙˜f +Hf˜ + f˜2) := a2 ×m2θ. (109)
In particular, in the conventional case i.e. c = 0, m2θ becomes
m2θ = m
2
S −
r¨J
rJ
− 3H r˙J
rJ
+ 2
r˙J
rJ
Ω˙
Ω
, (110)
By using the equation of motion of rJ with c = 0, we obtain
m2θ = −
2V
3M2pl
+
6
(
ξ + 16
)2 r˙2J
M2pl
+ 2Ω2 dV
dr2J
1 + ξ(1 + 6ξ)
r2J
M2pl
for c = 0. (111)
Thus, we can see that
m2θ|r∼0 ∼ 6ξ2
r˙J
M2pl
∼ λHM2pl (112)
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in the conventional case.
Although the analytical formulae Eq. (81) do not correctly reproduce the numerical results
in this case, we here summarize their expected forms for future reference:
fθ(k) ∼
(
λH
c
)1/2
f0θ (k) for k  msp =
1
(cλ3H)
1/4ξ
m0sp, (113)
ρ˜θ(k) =
(
λH
c
)1/2
ρ˜0θ(k) for k  msp, (114)
ρθ ∼
1
cλHξ2
ρ0θ. (115)
where f0θ (k) (ρ˜
0
θ(k)) represents the occupation number (energy spectrum) without Eq. (26).
Appendix D Irregular behavior of occupation num-
ber
The cusp-like irregularity in the plot of fθ(k) = |βk|2 occurs because βk passes very close to
zero, as shown in the left pane of Fig. 7. However, it does not become exactly zero, as shown
in the right pane. In other words, for momenta near k0 = 0.00263Mpl, particle production is
strongly suppressed.
To be more precise, for values of k in the vicinity of k0, we can model βk very accurately as
βk ∝ exp(i(Ak +B))(C(k − k0) + i) (116)
where A ≈ −367750 accounts for the rapidly-changing phase of β, B ≈ −3.62 is an overall
phase, C ≈ 28 is a constant of proportionality, and  ≈ 0.000217 is a much smaller constant
offset. The smallness of  leads to the rapid linear decrease and then increase in |β|, which
takes on a cusp-like shape when plotted on a logarithmic scale. The lower panel of Fig. 7
shows βk exp(−i(Ak+B)), that is, βk with the strongest oscillation frequency removed. The
cusp in f and ρ corresponds to the point k = k0 where this function crosses the imaginary
axis. We can see from this plot that the behavior of β is in fact very regular and predictable
here. (Plotting βk itself is less useful, because the phase changes too quickly to see its behavior
clearly.) The loop at the right-hand side of the plot corresponds to the peak and fall-off of
|βk| around k = 0.004Mpl.
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